ABSTRACT Background: Epidemiologic evidence has shown a link between short sleep and obesity. Clinical studies suggest a role of increased energy intake in this relation, whereas the contributions of energy expenditure (EE) and substrate utilization are less clearly defined. Objective: Our aim was to investigate the effects of sleep curtailment on 24-h EE and respiratory quotient (RQ) by using wholeroom indirect calorimetry under fixed-meal conditions. Design: Ten females aged 22-43 y with a BMI (in kg/m 2 ) of 23.4-27.5 completed a randomized, crossover study. Participants were studied under short-(4 h/night) and habitual-(8 h/night) sleep conditions for 3 d, with a 4-wk washout period between visits. Standardized weight-maintenance meals were served at 0800, 1200, and 1900 with a snack at 1600. Measures included EE and RQ during the sleep episode on day 2 and continuously over 23 h on day 3.
INTRODUCTION
Obesity has reached epidemic proportions, and recent estimates indicate that almost one-third of adults in the United States are obese (1) . Body weight stability is achieved when energy intake is equal to energy expenditure (EE) 5 . Excess weight gain results from positive energy balance, which occurs when energy intake is increased relative to EE. Epidemiologic evidence has shown a cross-sectional association between short sleep and obesity (2) , and laboratory-based intervention studies have helped define some of the mechanisms underlying the sleep-obesity relation (3) . Specifically, researchers have observed an increase in food intake when sleep is restricted to w4 to 5 h/night compared with sleep of w8 to 10 h/night (4) (5) (6) (7) . Nevertheless, studies on the effects of short sleep on EE are scarce and inconsistent (8) . An understanding of how short sleep affects EE in addition to intake is critical to establish sleep as a risk factor for obesity (9) .
Prior studies using doubly labeled water to assess free-living EE observed no difference in total EE in short compared with habitual sleep (5, 6) . Researchers also explored the relation between sleep and energy metabolism using whole-room indirect calorimetry (10) (11) (12) . Jung et al (10) reported an increase in 24-h EE of w7% during a day of total sleep elimination compared with a baseline day, which supports a role of sleep in energy conservation. Recent studies by Klingenberg et al (11) and Markwald et al (12) observed a significant increase of w4 to 5% in 24-h EE measured by whole-room indirect calorimetry under short sleep [4 or 5 h time in bed (TIB)] compared with long sleep (9 h/night), mainly because of a rise in EE during the habitual nighttime period in the short-sleep condition. Measures of EE in the latter study, however, may have been influenced by increased ad libitum food intake under sleep-restriction conditions (12) . The study by Klingenberg et al (11) was conducted exclusively in adolescent males (11) and may not be applicable to adults or females.
The aim of the current study was to investigate the effects of short sleep (4 h TIB) compared with habitual sleep (8 h TIB) on 24-h EE by using whole-room calorimetry in women. Because food intake was strictly controlled and matched during the experimental phases, we believe that the current report is among the first studies to clarify the consequences of short sleep per se on EE in women, who may be at a higher risk than men of both sleep disruption (13) and obesity (14) .
SUBJECTS AND METHODS

Participants
Twelve females aged 21-45 y with a BMI (in kg/m 2 ) of 22 to 29.9 were enrolled in the study. Before entry, a history of habitual sleep duration between 7 and 9 h/night was confirmed with wrist-worn actigraphy (Actiwatch; Actilife LLC) and a sleep diary for 2 wk. Inclusion criteria required a mean sleep duration during the 2-wk screening period of 7 to 9 h/night, with $10 nights of sleep with a duration $7 h and ,4 nights of sleep with a duration ,6 h. At the initial screening meeting, participants were asked to answer the questions "During the past month, when have you usually gone to bed?" and "During the past month, when have you usually gotten up in the morning?" Chronotype was assessed with the Horne-Ostberg Morningness-Eveningness Questionnaire (15) , and individuals with extreme morning or evening chronotypes (defined as scores $70 and #30, respectively) were excluded from the study.
Exclusion criteria included smoking, type 2 diabetes by medical history, history of alcohol or substance abuse, caffeine intake .300 mg/d, shift work, trans-meridian travel within the past 4 wk, use of antidepressant medications, and the presence of any eating, sleeping, or neurological disorder. Participants were evaluated for the presence of eating, sleeping, and neurological disorders by questionnaires and medical history. Sleep disorders were further assessed by having participants fill out the Epworth Sleepiness Scale (16), the Pittsburgh Sleep Quality Index (17) , and the Berlin Questionnaire for sleep apnea (18) . Inclusion criteria required Epworth Sleepiness Scale scores ,10, global Pittsburgh Sleep Quality Index scores ,5, and being low risk of having sleep apnea based on the Berlin Questionnaire.
The habitual level of physical activity in participants before entry in the study was assessed by analyzing the wrist-actigraphy data from the 2-wk preexperimental screening period. All participants were either sedentary [1-1.5 metabolic equivalents (METs)] or had light (1.5-3 METs) physical activity levels (range: 1.07-1.65 METs). The mean (6SEM) MET rate was 1.46 6 0.06. Participants with sedentary/light habitual physical activity levels are desirable for inclusion in an experiment such as this because the whole-room calorimeter necessarily restricts daily physical activity.
The study was approved by St Luke's-Roosevelt Institutional Review Board, and all participants provided written informed consent before enrollment. Participants were given the opportunity to ask questions about the protocol before providing informed consent.
Experimental design
This was a laboratory-based randomized crossover study composed of 2 phases, including short-and habitual-sleep conditions ( Figure 1 ). Each experimental phase lasted 4 d. Phases were held w4 wk apart to ensure recuperation from sleep deprivation and that women were studied during the same menstrual phase. Day of the menstrual cycle at laboratory entry for phase 1 was documented, and entry for the second visit occurred on the same day relative to menstruation of the subsequent menstrual were prepared and provided by the Bionutrition Unit at the Irving Institute for Clinical and Translational Research at Columbia University. Diets provided 30% of energy from fat, 55% from carbohydrates, and 15% from protein. Meals provided 30% of daily energy requirements, and the snack provided the remaining 10%. Meal times were fixed, with breakfast at 0900, lunch at 1200, snack at 1600, and dinner at 1900. Participants were instructed to eat all of the food presented.
Participants were asked to abstain from alcohol and caffeine for 24 h before the study and were instructed not to eat past 1500 on the day of entry. Participants entered the Clinical Research Resource at w1800 on day 1. Dinner was served at 1900, and the participants remained on site until bedtime (2300 or 0100). Sleep occurred in the whole-room calorimeter (metabolic chamber); however, during this acclimatization night, the door was not sealed and no recordings were made. Participants were awakened at either 0700 or 0500 the following morning and, on day 2, were permitted to leave the laboratory under study personnel supervision. Strenuous physical activity or exercise was not permitted, and standard meals were served at designated times. At w2100 on day 2, the door of the metabolic chamber was sealed, and recordings of oxygen consumption and carbon dioxide production were taken until w0715 h the next morning. On exiting the metabolic chamber on the morning of day 3, participants were allowed to shower before reentering at w0800 h for a 23-h continuous assessment of EE and respiratory quotient (RQ) (Figure 1 ). Daytime naps were prohibited. Study personnel ensured that participants remained awake during the duration of scheduled wakefulness by regular visual inspection through the chamber window and phone calls. Sleep duration was objectively monitored with the use of wrist-actigraphy worn during the sleep episodes while participants were in the laboratory.
Measures
Measures of EE and RQ during the sleep episode on day 2, and continuously throughout 23 h on day 3, including the day 3 sleep episode, were conducted in the chamber (Figure 1 ). At 1500 and 2030 h, participants performed 15 min of cycling, at 50 W, on a stationary bicycle inside the chamber. These bicycle riding sessions were included to induce some light physical activity within the confines of the calorimeter room.
The metabolic chamber at the New York Obesity Nutrition Research Center is an airtight, climate-controlled room equipped with a futon, chair, desk, television, telephone, stationary bike, toilet, and sink. The dimensions are 330 3 279 3 241 cm with an internal volume (corrected for the presence of furniture and restroom fixtures) of 21,399 L. Temperature within the wholeroom indirect calorimeter chamber was maintained at 24 6 0.5 8C unless adjusted to maintain participant comfort.
Oxygen and carbon dioxide concentrations, along with air mass flow, were measured 13/s with the Promethion (model GA-6 and FG-1; Sable Systems) Whole-Room Indirect Calorimeter system. This is accomplished by flowing 80 L/min of fresh air through the whole-room indirect calorimeter and obtaining an air sample on the exhaust side of the system. All oxygen, carbon dioxide, and air mass flow data were corrected for the presence of water vapor pressure in kilopascals to standardpressure dry conditions before metabolic calculations as described previously (19) .
All corrected metabolic data from the instrument were amortized per minute and then EE was calculated by using the Weir equation (20) . RQ was calculated as the ratio of the corrected ventilation rates of carbon dioxide production to oxygen consumption. This is an indicator of nutrient utilization (21) . Physiologically normal RQ values range from 0.70, indicating mainly fat oxidation, to 1.00, indicating carbohydrate oxidation.
The accuracy and precision of the whole-room indirect calorimeter were determined through propane gas combustion. Instrument-grade propane (99.5% purity) expends 11.92 kcal/g heat energy with an RQ of 0.60. A known amount of instrumentgrade propane is combusted for the same duration as that of a normal subject metabolic test. This is 23 h for the whole-room indirect calorimeter chamber. The theoretical and actual values from the propane combustion test are subtracted from one another and expressed as a delta percentage. The instrumentation is considered accurate and precise if it repeatedly measures EE and RQ of instrument-grade propane to 98-100% of the theoretical value and to 0.58-0.62, respectively.
Statistical analyses
Paired-samples t tests were used to compare daily EE (24-h EE) and mean EE and RQ during sleep between short and habitual sleep. Two-way within-subjects ANOVAs for repeated measures (factors: sleep condition and time) were used to compare repeated measures of EE and RQ throughout the night (2300-0700), sleeping episode (0100-0500 or 2300-0700), and the full 23-h recording period between short-and habitual-sleep conditions. A 3-way within-subjects ANOVA for repeated measures (factors: sleep condition, exercise session, and time) was used to compare EE and RQ throughout the 15-min bicycling sessions in the afternoon (1500-1515) and evening (2030-2045) between short-and habitual-sleep conditions. Data were analyzed with the statistical software program DATASIM (version 1.1; Drake Bradley) (22) . Data are expressed as means 6 SEMs.
RESULTS
Participant characteristics
A total of 12 women were enrolled in this study, and 10 completed the study. The 2 women who did not complete the study failed to return for phase 2 for unknown reasons or because of a scheduling conflict. The 2 women underwent different sleep phases for phase 1; their failure to complete was unlikely to be a result of the nature of the study. The mean age and BMI for study completers were 28.0 6 2.3 y (range: 22-43 y) and 26.0 6 0.47 (range: 23.4-27.5), respectively. Five women were black and 5 were white. Mean weight and height were 69.9 6 1.8 kg (range: 59.87-78.02 kg) and 1.64 6 0.02 m (range: 1.56-1.69 m), respectively. Five participants underwent habitual-sleep duration first, whereas the other 5 participants underwent shortsleep duration in phase 1.
The mean morningness-eveningness score on the chronotype questionnaire was 50.4 6 3.04 ("intermediate type"). Six participants were intermediate type, 2 participants were moderate evening type, and 2 participants were moderate morning types. On the basis of questionnaires administered during the screening session, the mean habitual sleep-wake schedule was 2348-0801. Throughout the 2-wk prelaboratory ambulatory period, average sleep duration as determined by wrist-actigraphy was 430.4 6 6.6 min (7 h 10 6 6.6 min). During the same 2-wk ambulatory period, the mean sleep-wake schedule was 2412-0825.
Because of technical issues, overnight actigraphy data were lost for one participant during the habitual sleep phase and for 3 participants during the short-sleep phase during the in-laboratory metabolic chamber recording period (no participant had both sleep phases missing). After the data for night 1 were removed to reduce any first-night effects, the mean sleep duration of nights 2 and 3 during the habitual sleep condition was 441. 3 
24-h EE and RQ
Total 24-h EE extrapolated from the 23-h metabolic chamber recording period on laboratory day 3 was 1914.0 6 62.4 kcal for short sleep and 1822.1 6 43.8 kcal for habitual sleep (t 9 = 3.14, P = 0.012) ( Table 1) . This corresponds to an increased EE of w5% in short sleep compared with habitual sleep. The mean EE over the 23-h chamber recording period was 1.33 6 0.04 kcal/ min for short sleep and 1.27 6 0.03 kcal/min for habitual sleep (t 9 = 3.14, P = 0.012) ( Table 1) . When EE was examined 13/h throughout the 23-h chamber recording period, a significant sleep condition 3 time interaction was seen (F 22,198 = 4.51, P , 0.001) (Figure 2 ). The mean RQ over the full 23-h metabolic chamber recording was 0.89 6 0.01 in short sleep and 0.88 6 0.01 in habitual sleep (t 9 = 0.09, P = 0.93) ( Table 1) .
EE and RQ during the sleep/wake episode
In the short-sleep condition, the mean EE during the times spanning the habitual-sleep episode (ie, 2300-0700) was 1.09 6 0.05 kcal/min on day 3. This was significantly higher (t 9 = 4.89, P = 0.0009) than the mean EE throughout this time in the habitualsleep condition (0.89 6 0.02 kcal/min) ( Table 1 ). The mean EE during times spanning the wake episode (ie, 0800-2300) on day 3 was 1.46 6 0.05 kcal/min in the short-sleep condition and 1.46 6 0.04 kcal/min in the habitual-sleep condition (t 9 = 20.16, P = 0.87) ( Table 1) .
When examined 13/h throughout the 8-h period spanning the habitual sleep opportunity, a significant sleep condition 3 time interaction was seen for EE (F 7,63 = 8.16, P , 0.001). During short sleep, this measurement included 4 h of sleep and 4 h of nonsleep time. EE in short sleep was significantly higher than habitual sleep mainly during nonsleep times: at 0000-0100, 0100-0200, 0500-0600, and 0600-0700 (P , 0.01, simple main-effects tests).
Mean EE restricted to times spanning the scheduled sleep opportunity (ie, sleeping metabolic rate from 0100 to 0500 and from 2300 to 0700 in the short-and habitual-sleep conditions, respectively) was not significantly different between the shortand habitual-sleep conditions on day 3 (short: 0.94 6 0.05 kcal/ min compared with habitual: 0.89 6 0.02 kcal/min; t 9 = 1.33, P = 0.22) ( Table 1) .
Similarly, RQ during the sleep episode on laboratory day 3 was not significantly different between the short-and habitual-sleep conditions. On day 3, the mean RQ throughout the times spanning the habitual sleep episode (ie, 2300-0700) was 0.87 6 0.02 during short sleep and 0.87 6 0.01 during habitual sleep (t 9 = 0.33, P = 0.75) ( Table 1 ). The mean RQ throughout times spanning the habitual wake episode on day 3 was 0.89 6 0.01 in the short-sleep condition and 0.89 6 0.01 in the habitual-sleep condition (t 9 = 20.03, P = 0.98) ( Table 1) .
When examined at hourly intervals throughout the 8-h period spanning the nocturnal time period (ie, the habitual sleep opportunity from 2300 to 0700), a significant main effect of time was seen for RQ; values declined significantly across the 2300-0700 time period (day 3: F 7,63 = 120.81, P , 0.001), but no effect of sleep was observed (day 3: F 1,9 = 0.11, P = 0.75). The mean RQ restricted to times only spanning the scheduled sleep opportunity (ie, 0100-0500 and 2300-0700 in the short-and habitual-sleep conditions, respectively) was 0.87 6 0.02 during the short-and 0.87 6 0.01 during the habitual-sleep (t 9 = 0.07, P = 0.95) conditions on day 3 (Table 1) .
EE and RQ during exercise
A significant exercise session 3 time interaction (F 14,126 = 3.80, P , 0.001) was found on EE measured during the two 15-min bicycle sessions, with no effect due to sleep condition (F 1,9 = 0.01, P = 0.94). Specifically, EE during minutes 1-6 was greater during the afternoon bicycling session (1500-1515) than during the corresponding minutes in the evening bicycling session (2030-2045) (Figure 3) . A significant main effect of time (F 14,126 = 8.01, P , 0.001) on RQ was found during the 15-min bicycle sessions, with values increasing throughout the exercise session, although no significant effects were seen for exercise session (afternoon compared with evening: F 1,9 = 1.80, P = 0.21) or sleep condition (F 1,9 = 0.20, P = 0.66).
DISCUSSION
We investigated the effects of short sleep on 24-h EE in women under controlled feeding conditions with whole-room calorimetry.
TABLE 1
The effects of habitual-(8 h/night; 2300-0700) and short-(4 h/night; 0100-0500) sleep durations on EE and RQ measured in a metabolic chamber Two nights of sleep curtailment was associated with a significant increase in 24-h EE. This was mainly because of an increase in EE during nocturnal hours spent awake. In addition, mean EE during the daytime was not affected, which indicated that restricting sleep does not alter EE during normal waking hours. Finally, substrate utilization was unaffected by experimental sleep restriction under fixed-meal conditions.
Whereas prior sleep curtailment studies using doubly labeled water to assess total EE failed to detect differences between short and habitual sleep (5, 6, 23), whole-room calorimetry showed an increase in 24-h EE after sleep restriction (11, 12) . Consistent with current findings, an increase of w4% to 5% in daily EE was observed after short compared with habitual sleep (11, 12) . This corresponds to an increased EE of w88 kcal/d when measured FIGURE 2. Mean (6 SEM) energy expenditure throughout the 23-h metabolic chamber in the laboratory on day 3 during the short-and habitual-sleep duration conditions. Two-way within-subjects ANOVAs for repeated measures (factors: sleep condition and time) showed a significant sleep condition 3 time interaction (P , 0.001). *P , 0.05 (simple main-effects tests). Open circles represent the short-sleep condition (0100-0500), and filled circles represent the habitual-sleep condition (2300-0700). Values on the x axis are for the preceding hour. Black bars represent the sleep opportunity. FIGURE 3. Mean (6SEM) energy expenditure during exercise sessions on laboratory day 3 during the short-and habitual-sleep duration conditions. Threeway within-subjects ANOVA for repeated measures (factors: sleep condition, exercise session, and time) showed a significant session 3 time interaction (P , 0.0001), with increased EE in the afternoon bicycling session (1500-1515) compared with the evening bicycling session (2030-2045) at minutes 1-6 of the 15-min exercise session. Differences between sessions at given time points are indicated by lowercase letters: a1 . b1, a2 . b2, a3 . b3, a4 . b4, a5 . b5, and a6 . b6 (P # 0.05; simple main-effects tests). Open circles represent the short-sleep condition (0100-0500), and filled circles represent the habitual-sleep condition (2300-0700). EE, energy expenditure.
under fixed-meal conditions (11) and of w111 kcal/d when measured under ad libitum eating conditions (12) . It is important to point out that ad libitum eating conditions during measures of EE under short-and habitual-sleep conditions in the latter study could have affected their results. Assuming a theoretical thermic effect of food of 10%, the additional energy consumed during restricted relative to habitual sleep in the study by Markwald et al (12) (w181.8 kcal) would account for w18 kcal of the difference in EE. This would result in an increase in EE as a result of sleep restriction of w93 kcal, very similar to the data reported here (92 kcal) and elsewhere (11) . These increases in EE were mainly the result of the additional hours spent awake. Similar to what was reported in adolescent males (11), we observed no difference in sleeping metabolic rate between shortand habitual-sleep conditions in adult women. These findings lend support to the hypothesis that a central physiologic role of sleep in humans is the conservation of energy (10) . The increase in EE of w90 kcal when sleep is restricted to 4-5 h/night, reported here and in the aforementioned studies (11, 12) , should be considered from a research design standpoint for future studies. Specifically, energy balance state may modulate the effects of sleep curtailment, particularly because it affects hormonal and metabolic outcomes (3). Thus, researchers should factor in the additional energy costs of extended wakefulness if interested in assessing the effects of sleep curtailment under energy-balance conditions.
The metabolic costs of sleep reduction (w92 kcal in the current study) appear to trigger a set of compensatory neuroendocrine adaptations aimed at increasing hunger, reducing satiety, and stimulating food intake (9) . Increased food intake of w300 to 415 kcal/d was observed after restricted compared with habitual sleep (5, 6, 24) . This suggests that, despite increased daily EE, sleep restriction can result in a net positive energy balance of w200 to 400 kcal/d. Our findings, and those of others, suggest that the high prevalence of obesity in short sleepers is attributable to greater food intake that is not offset by the small increase in EE associated with greater time awake.
Because sleep restriction has been shown to increase insulin (25) and decrease leptin (26) , which would favor fat deposition over fat oxidation, it was postulated that short sleep may lead to weight gain via alterations in substrate oxidation. Moreover, 24-h RQ is positively associated with weight gain (27) . Because early studies found reduced leptin after sleep curtailment (26), we expected a rise in RQ with short sleep. However, our recent findings do not support reduced leptin, at least in the context of mild negative energy balance, after restricted sleep (28) . Consistent with this, sleep curtailment in the current study did not affect RQ. This is similar to what was observed by Jung et al (10) and Klingenberg et al (11) , although differences in the latter were statistically significant. They suggested that this was an artifact of prolonged wakefulness in the short-sleep condition (11) . Available data do not support the notion that short sleep alters substrate use in such a way as to favor weight gain (eg, a shift to higher carbohydrate oxidation/less fat oxidation and greater fat retention).
We also considered EE in response to light physical activity and observed no difference in EE during stationary bicycle riding between sleep conditions. Interestingly, however, higher EE was observed during equally intense physical exertion during the afternoon session (1500-1530) than during the evening session (2030-2045), which may imply a diurnal variation. Although the current study was not designed to test this, there is evidence that exercise performance is influenced by the circadian system (29) . Furthermore, it would be interesting to determine whether short sleepers delay their exercise or physical activity. Individuals with delayed sleep timing have shorter sleep duration and also consumed more calories after 2000 and more fast food and sugar beverages compared with those with normal sleep timing and longer sleep duration (30) . Thus, important relations may exist between short sleep, delayed behavioral rhythms, and energy balance, which should be pursued. Others have reported that short sleepers are more sedentary than individuals sleeping $8 h/d (31) . Reduced physical activity would further offset the modest increases in EE associated with sleep curtailment and accentuate the positive energy balance. Other behavioral changes in response to sleep restriction, such as napping, could also affect energy balance under real-life conditions. Whereas participants in the current study were not habitual nappers, naps have the potential to induce further decreases in daily physical activity and EE. Conversely, napping, either by dissipating sleepiness or by limiting eating opportunities, could result in decreased energy intake.
This was the first study that investigated the effects of sleep restriction on 24-h EE measured with whole-room indirect calorimetry that enrolled only women. The menstrual cycle can affect sleep (32) and EE (33, 34) . We did not study all women during the same menstrual phase and did not measure sex hormones. This may be relevant because some have shown increases in 24-h EE during the luteal phase compared with the follicular phase (33, 34) . However, to account for intraindividual variations in menstrual cycle-related EE, we tracked participants' menstrual cycles throughout the experiment, and testing occurred on the same postmenstruation day. A strength was that EE assessments were made under controlled feeding conditions in both sleep phases. Thus, our EE data were not confounded by differences in food intake between sleep duration conditions.
In the attempt to define how short sleep duration can cause weight gain, our intervention study has determined that experimental sleep curtailment causes a moderate wake-dependent increase in 24-h EE. Although we did not concurrently assess sleepiness, energy intake, or its associated variables-including hunger/appetite ratings or appetite-regulating hormones-and other variables of energy balance likely to be affected by sleep curtailment, including physical activity, there is accumulating research by others showing increased food intake during similarly designed sleep-curtailment studies. Although not negligible, the difference in EE between short and habitual sleep observed here does not offset the consistently reported greater energy intakes associated with sleep restriction. Whereas the current report did not assess food intake or physical activity, and therefore cannot speculate on the effect of these aspects on energy balance, the findings described here suggest that altered energy metabolism is not a contributing factor in the relation between short sleep and obesity. Together, this lends support to the hypothesis that short sleep duration leads to weight gain because of an excessive increase in energy intake that is beyond the modest energy costs associated with prolonged nocturnal wakefulness. Indeed, potential other overlooked effects of sleep restriction, namely on physical activity, would further accentuate the positive energy balance induced by the rise in energy intake, forming the basis for an increased risk of obesity in short sleepers.
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